Trans-methylation reactions are intrinsic to cellular metabolism in all living organisms. In land 23 plants, a range of substrate-specific methyltransferases catalyze the methylation of DNA, RNA, 24 proteins, cell wall components and numerous species-specific metabolites, thereby providing 25 means for growth and acclimation in various terrestrial habitats. Trans-methylation reactions 26 consume vast amounts of S-adenosyl-L-methionine (SAM) as a methyl donor in several 27 cellular compartments. The inhibitory reaction by-product, S-adenosyl-L-homocysteine 28 (SAH), is continuously removed by SAH hydrolase (SAHH) activity, and in doing so 29 essentially maintains trans-methylation reactions in all living cells. Here we report on the 30 evolutionary conservation and multilevel post-translational control of SAHH in land plants. 31 We find that SAHH forms oligomeric protein complexes in phylogenetically divergent land 32 plants, and provide evidence that the predominant enzyme is a tetramer. By analyzing light-33 stress-induced adjustments occurring on SAHH in Arabidopsis thaliana and Physcomitrella 34 patens, we demonstrate that both angiosperms and bryophytes undergo regulatory adjustments 35 in the levels of protein complex formation and post-translational modification of this 36 metabolically central enzyme. Collectively, these data suggest that plant adaptation to 37 terrestrial environments involved evolution of regulatory mechanisms that adjust the trans-38 methylation machinery in response to environmental cues. 39 40 41 3 42 INTRODUCTION 43 Land plants have evolved sophisticated biochemical machineries that support cell metabolism, 44 growth and acclimation in various terrestrial habitats. One of the most common biochemical 45 modification occurring on biological molecules is methylation, which is typical for DNA, 46 RNA, proteins, and a vast range of metabolites. Trans-methylation reactions are therefore 47 important in a relevant number of metabolic and regulatory interactions, which determine 48 physiological processes during the entire life cycle of plants. Trans-methylation reactions are 49 carried out by methyl transferases (MTs), which can be classified into O-MTs, N-MTs, C-MTs 50 and S-MTs based on the atom that hosts the methyl moiety [1,2]. All these enzymes require S-51 adenosyl-L-methionine (SAM) as a methyl donor [3]. Among MTs, O-MTs form a large group 52 of substrate-specific enzymes capable of methylating RNA, proteins, pectin, monolignols as 53 well as various small molecules in various cellular compartments [2]. 54 55 The availability of SAM is a prerequisite for methylation, while the methylation reaction by-56 product, S-adenosyl-L-homocysteine (SAH) is a potent inhibitor of MT activity and must 57 therefore be efficiently removed [4]. To ensure the maintenance of SAM-dependent trans-58 methylation capacity, SAH is rapidly hydrolysed by S-adenosyl-L-homocysteine hydrolase 59 (SAHH, EC 3.3.1.1) in a reaction that yields L-homocysteine (HCY) and adenosine (ADO) 60 [5]. Subsequently, methionine is regenerated from HCY by cobalamin-independent methionine 61 synthase (CIMS, EC 2.1.1.14) using methyltetrahydrofolate as a methyl donor. Finally, 62 methionine is converted to SAM in an ATP-dependent reaction driven by SAM synthase, also 63 known as methionine adenosyltransferase (SAMS/MAT, EC 2.5.1.6). Together these reactions 64 are termed the Activated Methyl Cycle (AMC).
Isolation of protein extracts and biochemical analysis of SAHH
corresponding to 5 µg of protein were separated on Clear Native (CN) PAGE with a 7.5-12% 150 gradient of acrylamide as in Rahikainen et al. (2017) . Isoelectric focusing (IEF) was performed 151 as in Lehtimäki et al. (2014) . Phos-tag gel electrophoresis with 7.5% (w/v) acrylamide in the 152 separation gel was performed according to manufacturer's instructions (www.wako-153 chem.co.jp; https://labchem-wako.fujifilm.com/us/category/docs/00899_doc01.pdf). SAHH 154 was detected by immunoblotting with anti-SAHH antibody or by using SYPRO as a protein 155 stain as described in Trotta et al. (2011) . UniProt (www.uniprot.org; September 2019) and this list was supplemented with enzymes of 181 the AMC (S1 Table) . Perturbations in which at least 60% (24 out of 39) of the genes for the 182 AMC enzymes and selected MTs were differentially expressed with a p-value <0.05 were 183 selected to build the cluster heatmap. filtering for species (Arabidopsis thaliana), and this list was combined with genes encoding 201 the AMC enzymes (S1 Table) . *This gene represents both AT5G17920 and AT3G03780 as 202 they were indistinguishable because they share the same probe in Affymetrix Arabidopsis 203 ATH1 microarray chip. that SAHH localized to multiple sub-cellular compartments (Fig 2) . However, SAHH1 was not 210 uniformly localized within the cells, but rather highly organized to various cellular structures.
211
SAHH1 was found dynamically associated with cytoplasmic strands, along the plasma 212 membrane, in punctate structures, and around chloroplasts (Fig 2, S1 Video) . In line with a 213 previous report by Lee et al. (2012) , strong fluorescence arising from EGFP-SAHH1 was also 214 detected in the nucleus (Fig 2E) . The nucleolus, however, was completely devoid of SAHH1 Immunoblot analysis with anti-SAHH antibody suggested that pre-treatment of soluble leaf 262 extracts with 0.25% SDS did not alter the migration of SAHH complex 4 on CN-PAGE 263 although it tore GLN2 complex ( Fig 3A) showing the stability of protein complexes was 264 differentially affected by the 0.25% SDS treatment. However, when the protein complexes 265 were separated on 2D CN-PAGE, the abundant CA1-containing protein spot disappeared in 266 SDS-treated samples, indicating that the spot did not contain stoichiometric components of 267 SAHH complex 4 ( Fig 3A) . The CA1 shift on the 2D SDS-PAGE is due to monomerization of 13 268 the complex by the treatment. Another abundant protein spot that co-migrated with SAHH 269 complex 4 was identified as chloroplastic Fructose Bisphosphate Aldolase (FBA) [17] , which 270 does not co-localize with SAHH (Fig 2A) and is therefore highly unlikely to interact with 271 SAHH. Based on these findings and the apparent 200 kDa MW of the complex, it can be 272 deduced that the SAHH complex 4 is composed by a tetramer of the enzyme. Shattered of 273 complexed 1 and 2 with 0.25% treatment generate the increase in abundance of SAHH 274 complex 4 containing spot in the 0.25% SDS treatment (Fig 3 A and B) . The final approach was designed to explore whether SAHH is differentially phosphorylated 283 within the different oligomeric compositions. To this end, soluble leaf extracts were run on 284 CN-PAGE, followed by separation of differentially phosphorylated proteins on Phostag gels 285 in the second dimension ( Fig 3C) . In parallel, a control sample of equal protein content was 286 separated on an SDS-PAGE devoid of urea. Immunoblotting of the Phostag gels with anti-287 SAHH antibody revealed slow-migrating protein spots, indicative of SAHH phosphorylation 288 in complexes 3, 4 and 5 ( Fig 3C) . oleracea and P. patens (Fig 4) . Arabidopsis and B. oleracea are closely related species and 294 showed 99% SAHH amino acid sequence similarity (Fig 4 A and B , Table 1 ). Even between 295 the more distantly related species, pair-wise amino acid comparison between L. luteus and 296 Physcomitrella SAHH indicated 90% similarity (Fig 4 A and B PTMs sites were conserved in the plant species studied (Fig 4A) , suggesting that post-300 translational regulation of SAHH could be a conserved feature among land plants ( Fig 4A) . 
Light-induced adjustments of SAHH in Arabidopsis and Physcomitrella

329
To assess stress-induced adjustments in SAHH, we next exposed the two well-established, high-light-induced decrease in SAHH complex 2 abundance, and a corresponding increase in 333 the abundance of SAHH complexes 5 and 6 in Arabidopsis ( Fig 5A) . Physcomitrella, in 334 contrast, showed a clear increase in the abundance of a SAHH complex, which corresponds to 335 SAHH complex 2 in Arabidopsis ( Fig 5A) . The total abundance of SAHH did not differ 336 between the treatments (Fig 5C) . The high light treatment slightly decreased SAHH complex 337 4 abundance in Arabidopsis, whereas Physcomitrella accumulated slightly more SAHH 338 complex 4 ( Fig 5A) . Hence, both model species responded to high light treatment at the level 339 of SAHH complex formation, but exhibited opposite outcomes. Analysis of SAHH phosphorylation by Phos-tag gel electrophoresis suggested also light-357 dependent phosphoregulation in both species (Fig 5B) . In Arabidopsis, a slow-migrating form 358 of SAHH was detected in leaf extracts isolated from growth light conditions, while high-light-359 exposed leaves did not contain such phosphorylated form of SAHH ( Fig 5B) . In
360
Physcomitrella, the intensity of one phosphorylated SAHH species increased, while another 361 SAHH species disappeared upon high light illumination ( Fig 5B) . Hence, both Arabidopsis and 362 Physcomitrella responded to light-induced stress by regulatory adjustments in SAHH, but the 363 responses differed between the angiosperm and bryophyte models. 
376
Changes in the sub-cellular localization of SAHH could also significantly affect the efficiency 377 of specific trans-methylation reactions [18, 35, 36] . Associated with this, SAHH can translocate 378 from the cytoplasm into the nucleus [18] and is also dynamically distributed in other sub-379 cellular compartments, including vesicular structures, reticulate constructions and the plasma 380 membrane, but not chloroplasts or mitochondria (Fig 2) . While SAHH1 has not been localized into the chloroplast (Fig 2) [18], we detected SAHH1 as 393 a ring in the immediate vicinity around the photosynthetic organelles (Fig 2) , presumably to 394 facilitate efficient removal of SAH upon export by SAM transporters that exchange SAH for 395 SAM synthesized in the cytoplasm [37, 38] . We also found that SAHH1 can dynamically move 396 along cytosolic strands (S1 Video), but the possible mechanisms underlying such sub-cellular 397 movements remain to be established. Based on crystallographic studies, plant SAHH is proposed to be active as a dimer [14, 15] .
414
However, our data provide evidence suggesting that in Arabidopsis SAHH is predominantly 415 present as a tetramer. This was evidenced by treatment of leaf extracts with a low concentration 416 of SDS, which did not affect the presence of SAHH complex 4 on CN gels, but abolished co-417 migration of potential complex-forming proteins when assessed by 2D SDS-PAGE ( Fig 3A) .
418
The physiological significance of this abundant SAHH complex present in various land plants, 419 including the moss Physcomitrella (Fig 4C) [15], and phosphorylation at these sites could therefore affect the activation state of the enzyme.
440
The phosphorylated residues S20 and T44 of SAHH1 in turn reside on the surface of the demonstrated that a conserved signaling mechanism, where a chloroplast retrograde signal 458 interacts with hormonal signaling to drive stomatal closure, is operational in angiosperms, 459 mosses and ferns [48] . Our studies provide evidence that high-light-induced signals, likely 460 originating from chloroplasts, are reflected by regulatory adjustments in SAHH at the level of 461 complex formation and phosphorylation in both Physcomitrella and Arabidopsis (Fig 5A) . 
